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1. INTRODUCTION {#cns13390-sec-0005}
===============

Spinal cord injury (SCI) is a devastating condition that causes irreversible neuronal damage, a subsequent inflammatory response, astrogliosis, and scar formation.[^1^](#cns13390-bib-0001){ref-type="ref"} Glial scar formation is a complicated and dynamic process in which activated astrocytes play a significant role.[^2^](#cns13390-bib-0002){ref-type="ref"} Although astrocytes, microglia, pericytes, and some NG2‐positive cells all participate in the process of scar formation, hypertrophic astrocytes or activated astrocytes are indispensable and secrete extracellular matrix (ECM), mainly chondroitin sulfate proteoglycans (CSPGs).[^3^](#cns13390-bib-0003){ref-type="ref"}, [^4^](#cns13390-bib-0004){ref-type="ref"}, [^5^](#cns13390-bib-0005){ref-type="ref"}, [^6^](#cns13390-bib-0006){ref-type="ref"} Numerous studies have suggested that the glial scar not only hinders axonal regeneration but also prevents positive factors migrating into the lesion center.[^7^](#cns13390-bib-0007){ref-type="ref"}, [^8^](#cns13390-bib-0008){ref-type="ref"} Therefore, targeting the astrocyte of scar tissues could be a promising therapeutic strategy for improving functional recovery after SCI by promoting axon extension.

Various methods have been used to regulate glial scarring and axonal regeneration in recent decades, such as reactive astrocyte‐associated gene regulation, chondroitin sulfate glycosaminoglycan degradation, proteoglycan receptor inhibition, and biomaterial implantation.[^9^](#cns13390-bib-0009){ref-type="ref"}, [^10^](#cns13390-bib-0010){ref-type="ref"}, [^11^](#cns13390-bib-0011){ref-type="ref"}, [^12^](#cns13390-bib-0012){ref-type="ref"} However, these methods have limits, and the exquisite regulatory mechanism, signaling pathway network, and molecular biology behind the process of scar tissue formation and axonal regeneration are not fully understood.

Notably, since the creation of induced pluripotent stem cells (iPSCs), the cellular reprogramming associated with defined transcription factors has been used in central nervous system research.[^13^](#cns13390-bib-0013){ref-type="ref"}, [^14^](#cns13390-bib-0014){ref-type="ref"} The first direct reprogramming of fibroblasts into functional neural progenitors was performed with four reprogramming factors (OCT4, SOX2, KLF4, and c‐MYC) and opened a new door to regeneration medicine.[^15^](#cns13390-bib-0015){ref-type="ref"} Since this effort was initiated, transdifferentiation of cells into neurons using single transcription factors (TFs) or different combinations of TFs has also been investigated in vitro.[^16^](#cns13390-bib-0016){ref-type="ref"}, [^17^](#cns13390-bib-0017){ref-type="ref"}, [^18^](#cns13390-bib-0018){ref-type="ref"} Furthermore, in vivo reprogramming of astrocytes into neurons was successfully performed in central nervous system (CNS) injury using conventional reprogramming factors.[^19^](#cns13390-bib-0019){ref-type="ref"}, [^20^](#cns13390-bib-0020){ref-type="ref"}, [^21^](#cns13390-bib-0021){ref-type="ref"} Recently, Doeser et al reported that reprogramming mediated by the conventional reprogramming factors is capable of reducing fibrosis‐derived scars in the process of wound healing in i4F mice.[^22^](#cns13390-bib-0022){ref-type="ref"} These studies showed the powerful function of the OSKM (OCT4, SOX2, KLF4, and c‐MYC) TFs, which may be related to astrocyte reprogramming and indicate possibilities for astrocyte targeting after SCI. Moreover, previous studies have shown that KLF family members may regulate axonal sprouting and that OCT4 alone can induce fibroblasts into oligodendrocyte progenitor cells with substantial function.[^23^](#cns13390-bib-0023){ref-type="ref"}, [^24^](#cns13390-bib-0024){ref-type="ref"} However, the underlying mechanism of astrocyte‐associated reprogramming remains unknown, and effect of the OCT4 and KLF4 TFs on injured spinal cord has not been investigated.

Accordingly, we hypothesize that the simultaneous overexpression of OCT4 and KLF4 may induce astrocyte reprogramming and subsequently regulates axonal regeneration after spinal cord contusion injury. In this study, we used i4F mice, a mouse line that expresses OCT4 and KLF4 TFs in the spinal cord after doxycycline administration. This mouse line demonstrates more direct evidence of the effect of the "O‐K" TFs on the pathological and functional reconstitution of injured spinal cord. Our research was designed to identify a way to promote functional recovery after SCI.

2. EXPERIMENTAL PROCEDURES {#cns13390-sec-0006}
==========================

2.1. Animal and surgical procedure {#cns13390-sec-0007}
----------------------------------

C57 and transgenic mice (rtTA‐OSKM mice) were obtained from the Animal Center of the Academy of Medical Science of Zhejiang Province.[^25^](#cns13390-bib-0025){ref-type="ref"} The Institutional Animal Care and Use Committee of Zhejiang University approved all procedures in this study. All animals were randomized to the experimental groups throughout the whole investigation. To ensure the well‐being of the animals, they had free access to food and water throughout the study, and each cage contained 3 mice. For pain management, all surgeries were carried out under deep anesthesia using pentobarbital (50 mg/kg, intraperitoneal). After anesthesia, the mice underwent T9‐T10 vertebral laminectomy. The spine was stabilized by two spinal clamps for spinal cord contusion injury. A weight drop injury of the cord was produced using a 5‐g rod (1.2 mm in diameter) dropped onto the exposed dorsal surface from a height of 20 mm (NYU impactor Model Ⅱ). After these procedures, the animals were placed in a humidity‐ and temperature‐controlled chamber. The mice were divided into 3 groups: (a) c57 mice administered doxycycline (1 mg/mL, Sigma, D9891) in drinking water (WT); (b) transgenic mice not administered doxycycline in drinking water (DOX−); and (c) transgenic mice administered doxycycline (1 mg/mL, Sigma, D9891) in drinking water (DOX+). Water‐containing doxycycline was removed after 2.5 days of administration, and fresh drinking water without doxycycline was administered for the following 4.5 days. This cycle was continued until the end of the investigation. Bladder emptying was manually performed two times daily until the end of the experiment. All animals survived the experiment, and the following inclusion criterion was enforced: mice with hindlimbs that received 0 points on the Basso Mouse Scale (BMS) locomotor scale were randomized into one of the experimental groups. A researcher blinded to the treatment group conducted this assessment. No evidence of tumor or postoperative wound infection was observed in any of the animals throughout the whole experiment.

2.2. Cell isolation and culture {#cns13390-sec-0008}
-------------------------------

The brains of neonatal c57 (WT) and transgenic mouse (TRANS) pups (3 days old) were removed, and cells were isolated from the cortices and cultured using a previously described procedure.[^26^](#cns13390-bib-0026){ref-type="ref"} When the cells reached confluence (7‐9 days), they were subjected to shaking at 200 RPM for 8 hours at 37°C to detach microglia and oligodendrocytes. Cultures obtained using this procedure were \>98% astrocytes with positive GFAP staining (data not shown). After incubation for an additional 36 hours, the cells were trypsinized and reseeded in 6‐, 12‐, or 24‐well plates and maintained in 5% CO~2~ at 37°C in DMEM/F12 medium for the experimental procedures. After 3 days of culture in DMEM/F12 medium with doxycycline (2 µg/mL), one group was cultured continuously in DMEM/F12 medium with doxycycline, while the other group was reseeded in neurobasal medium (Gibco, A3582901) containing doxycycline (2 µg/mL), supplemented with 2% B27 (Gibco, A1050801), 20 ng/mL fibroblast growth factor 2 (Peprotech, 450‐33), 20 ng/mL epidermal growth factor (Peprotech, 315‐09), 10% FBS (Gibco), and 1% penicillin‐streptomycin until the end of the experiment.

The cell scratch assay was performed on confluent astrocyte monolayers cultured in DMEM/F12 medium with doxycycline. Cells were cultured in doxycycline‐containing medium (2 µg/mL), and scratches of equal sizes were created with a P200 pipette.[^27^](#cns13390-bib-0027){ref-type="ref"} After scratching, the cells were cultured in FBS‐free medium. The cells were photographed at day 0, 1, 2, 3, 4, and 5. Then, wound closure was measured with ImageJ software.

2.3. Gene expression analysis {#cns13390-sec-0009}
-----------------------------

Total RNA was extracted with RNAiso reagent (Takara). A Prime ScriptRT Reagent Kit (Takara) was applied to perform reverse transcription. All gene transcripts were intensively quantified by q‐PCR with SYBR Green (Takara) on the StepOnePlus Real‐Time PCR System (Thermo Fisher Scientific). The thermocycling conditions were as follows: 95°C (30 seconds) for initial denaturation and 40 cycles at 95°C (15 seconds) and 60°C (30 seconds).[^28^](#cns13390-bib-0028){ref-type="ref"} The expression of the target gene was normalized to the expression level of GAPDH rRNA and to the control group. Primers were synthesized by Sangon Biotech, and their sequences are shown below. The expression levels of the relative target genes were calculated using the 2^−ΔΔ^ *^t^* method. The following primers were used in our study: GAPDH‐F: 5′‐TTCACCACCATGGAGAAGGC‐3′;GAPDH‐R: 5′‐CCCTTTTGGCTCCACCCT‐3′;Oct3/4‐F: 5′‐CTGAGGGCCAGGCAGGAGCACGAG‐3′;Oct3/4‐R: 5′‐CTGTAGGGAGGGCTTCGGGCACTT‐3′;Sox2‐F: 5′‐GGTTACCTCTTCCTCCCACTCCAG‐3′;Sox2‐R: 5′‐TCACATGTGCGACAGGGGCAG‐3′;Klf4‐F: 5′CACCATGGACCCGGGCGTGGCTGCCAGAAA‐3′;Klf4‐R: 5′‐TTAGGCTGTTCTTTTCCGGGGCCACGA‐3′;c‐Myc‐F: 5′‐CAGAGGAGGAACGAGCTGAAGCGC‐3′;c‐Myc‐R: 5′‐TTATGCACCAGAGTTTCGAAGCTGTTCG‐3′.

2.4. Western blot analysis {#cns13390-sec-0010}
--------------------------

Cells were washed 3 times with ice‐cold PBS and then lysed in RIPA buffer containing 1% PMSF. Total proteins were separated by SDS‐PAGE and transferred onto PVDF membranes (Millipore Sigma). After being blocked with 5% skim milk in Tris‐buffered saline with 0.1% Tween‐20 at room temperature for 1.5 hours, the membranes were incubated overnight at 4°C in Tris‐buffered saline‐Tween‐20 with antibodies specific for GFAP (ab7260, 1:2000; Abcam), oct4 (ab19857, 1:1000; Abcam), klf4 (ab129476, 1:1000; Abcam), Map2 (4542, 1:1000; CST), βⅢ tubulin (ab7751, 1:1000; Abcam), MBP (ab40390, 1:1000; Abcam), Yap1 (ab205270, 1:1000; Abcam), p‐Yap (ab76252, 1:1000; Abcam) and Erk (ab184699, 1:1000; Abcam), P‐erk (ab229912, 1:1000; Abcam), β‐catenin (ab16051, 1:1000; Abcam), and β‐actin (1:1000; Santa Cruz Biotechnology). Horseradish peroxidase‐labeled antirabbit IgG (1:5000; Santa Cruz Biotechnology) or antigoat IgG (1:5000; Santa Cruz Biotechnology) was applied as the secondary antibody for 2 hours at room temperature. Immunoreactivity was detected with ECL substrate (Millipore Sigma), and the relative protein levels were quantified by densitometry with Quantity One software (Bio‐Rad Laboratories Inc).

2.5. Immunofluorescence staining {#cns13390-sec-0011}
--------------------------------

Cells were fixed using 4% paraformaldehyde for 15 minutes and permeabilized and blocked with 0.05% Triton X‐100 and 2% bovine serum albumin for 30 minutes at room temperature. The fixed cells were washed 3 times with PBS and incubated overnight with anti‐GFAP (ab7260, 1:1000; Abcam), anti‐Yap1 (ab205270, 1:1000; Abcam), and anti‐p‐Yap (ab76252, 1:1000; Abcam) antibodies. The cells were incubated with an Alexa Fluor 555‐labeled secondary antibody (Beyotime: excitation and emission wavelengths of 555 and 565 nm, respectively) for 1 hour. Nuclei were stained with DAPI (Millipore Sigma; excitation and emission wavelengths of 340 and 488 nm, respectively) for 5 minutes. More than 5 microscopic fields from each sample were observed under a fluorescence microscope (DM5500; Leica). For the spinal cord, serial 5‐µm coronal and sagittal sections of the injury site were mounted on slides, washed three times in PBS, permeabilized with 0.3% Triton X‐100 for 5 minutes, and then incubated for 1 hour with 10% normal goat serum in PBS. The sections were incubated with rabbit anti‐GFAP polyclonal IgG (ab7260, 1:1000; Abcam), anti‐Neurocan (ab31979, 1:500; Abcam), anti‐Nestin (ab6142, 1:200; Abcam), and rabbit anti‐NF‐200 polyclonal IgG (ab8135, 1:500; Abcam) antibodies overnight in 5% normal goat serum in PBS at 4°C. The following day, the sections were incubated with secondary antibodies and DAPI. The results of immunofluorescence staining were quantified based on the mean fluorescence density with ImageJ software (National Institutes of Health).

2.6. H&E and fast blue staining {#cns13390-sec-0012}
-------------------------------

Histological analysis was performed on 45 mice. All mice were sacrificed 30 days postinjury. Following intracardiac perfusion with 0.1 mol/L phosphate‐buffered saline (PBS) and 4% paraformaldehyde in PBS, spinal cord tissue containing the lesion site was fixed for 2 hours, rinsed in 0.2 mol/L phosphate buffer overnight, cryoprotected in 30% sucrose, and frozen on dry ice. Serial transverse sections (5 µm) through the lesion site were cut with a cryostat. Hematoxylin and eosin (H&E) and immunofluorescence procedures were performed as previously described.[^29^](#cns13390-bib-0029){ref-type="ref"} To confirm demyelination and remyelination, the sections were rehydrated and stained with 0.1% luxol fast blue (Solarbio Science & Technology).

2.7. Behavioral testing {#cns13390-sec-0013}
-----------------------

Hind limb motor function was assessed using the open‐field BMS locomotor scale system.[^30^](#cns13390-bib-0030){ref-type="ref"} Mice were placed into an open field and observed for 5 minutes by two independent examiners blinded to the conditions. Each day postoperation, the function of both hindlimbs was scored from 0 to 9.

2.8. Intralesion and lesion border quantification {#cns13390-sec-0014}
-------------------------------------------------

To quantify the area of immunoreactivity for GFAP, NF, NEUROCAN, and Fast blue within the epicenter of the lesion, a template of the lesion area was generated in an adjacent section stained by IF/IH and placed over the proper image. MCID image analysis software (InterFocus Imaging) was used to determine the minimum signal threshold for each marker, and the total amount of labeling within the lesion was measured. The proportional area of positive labeling was determined by dividing the total target area by the lesion area and is expressed as a percentage. The amount of GFAP in the lesion border was assessed by thresholding similar to that used for analyses within the lesion. The GFAP‐positive area/whole border area (1 mm around the lesion center) was analyzed by ImageJ software.

2.9. Statistical analysis {#cns13390-sec-0015}
-------------------------

All statistical analyses were performed using SPSS 21.0 software (IBM Corp.). Data were presented as the means ± SEMs (BMS score data were expressed as median ± interquartile range). An unpaired Student\'s *t* test was used for the comparison between two groups. One‐way ANOVA with Newman‐Keuls post hoc test was used to analyze differences in multiple comparisons. Differences in BMS scores for the groups were analyzed by nonparametric t tests. Images were analyzed by ImageJ software. All experimental groups consisted of, at least, 3 samples, and all experiments were repeated at least 3 times with independent samples. A probability level of *P* \< .05 was considered significant.

3. RESULTS {#cns13390-sec-0016}
==========

3.1. Overexpression of the transcription factors OCT4 and KLF4 in the spinal cord increases the porosity of the scar tissues in the lesion site {#cns13390-sec-0017}
-----------------------------------------------------------------------------------------------------------------------------------------------

In order to induce the expression of the transcription factors in vivo, we chose transgenic mouse line (rtTA‐OSKM mice), which expresses the transcription factors OCT4 and KLF4 in the spinal cord after the administration of doxycycline‐containing water for 3 days. This expression was confirmed by q‐PCR and Western blotting. Interestingly, we found that in the DOX+ group, the volume of the astrocytic scar around the lesion site was smaller than that in the other groups 4 weeks after spinal cord injury, as determined by the results of GFAP immunofluorescence, and the GFAP/border area of the DOX+ group (64.67 ± 1.45, n = 5) was lower than that of the WT group (85.33 ± 2.02, n = 5) and the DOX‐group (82.67 ± 1.45, n = 5) (Figure [1A‐C](#cns13390-fig-0001){ref-type="fig"}). Additionally, we analyzed the extracellular matrix, an important aspect of scar tissue secreted by reactive astrocytes. Neurocan staining demonstrated that mice administered doxycycline had fewer proteoglycans (Figure [1H,I](#cns13390-fig-0001){ref-type="fig"}). These data showed direct evidence of increased porosity, which promotes neuron sprouting and neurotrophic factor filtration.[^31^](#cns13390-bib-0031){ref-type="ref"} To confirm the GFAP protein expression level, we performed Western blotting. The GFAP protein expression level in mice overexpression OCT4 and KLF4 TFs was lower than that in WT mice, which is consistent with the immunofluorescence results (Figure [1D‐G](#cns13390-fig-0001){ref-type="fig"}).

![Overexpression of the transcription factors OCT4 and KLF4 increases the porosity of the scar tissues after spinal cord injury. (A) Q‐PCR results of spinal cord samples after the mice were administered water‐containing doxycycline for 3 d and normalized to GAPDH; (B) immunofluorescence staining of GFAP 4 wk after SCI, the porosity of scar was increased in DOX + group (R represents rostral, C represents caudal, V represents ventral, and D represents dorsal, scale bar, 200 or 100 μm); (C) quantification of GFAP area/border area of part (B); (D‐G) protein expression levels of OCT4, KLF4, and GFAP were measured by Western blot analysis at 4 wk after SCI; (H, I) neurocan staining of spinal cord around lesion cite at 4 wk after SCI, stars marked the lesion center, scale bar, 200 μm. Data were expressed as the mean ± SEM, one‐way ANOVA with Newman‐Keuls post hoc test, \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001, n = 5 per group](CNS-26-940-g001){#cns13390-fig-0001}

3.2. Remyelination is improved in the presence of the transcription factors OCT4 and KLF4 {#cns13390-sec-0018}
-----------------------------------------------------------------------------------------

To explore the changes that occur in neural tissue after the overexpression of the transcription factors OCT4 and KLF4, we evaluated some neural markers related to axonal sprouting and remyelination. We discovered that some axons exhibited outgrowth into the lesion center and that these axons were longer in the DOX+ group than in the other two groups, as shown by immunostaining for NF‐200 around the lesion center (Figure [2A,B](#cns13390-fig-0002){ref-type="fig"}). Meanwhile, MAP2 and Tuj1 protein expression, as determined by Western blotting, was similar among the three groups (Figure [2E‐G](#cns13390-fig-0002){ref-type="fig"}). Additionally, we performed fast blue staining on spinal cord samples, and the DOX+ group showed more myelin sheaths than the other two groups (Figure [2C,D](#cns13390-fig-0002){ref-type="fig"}). MBP protein expression, as determined by Western blotting, was higher in the DOX+ group than in the other two groups (*P* \< .05) (Figure [2E,H](#cns13390-fig-0002){ref-type="fig"}). These results indicated that remyelination was improved after the overexpression of the transcription factors OCT4 and KLF4. Remyelination improvement combined with CSPGs reduction may contribute to motor function recovery.

![Remyelination is improved after the OCT4 and KLF4 transcription factors are overexpressed in vivo. (A, B) NF‐200 staining of spinal cord at 4 wk after SCI (R represents rostral, C represents caudal, V represents ventral, and D represents dorsal, scale bar, 500 or 200 μm); (C, D) fast blue staining of the spinal cord at 4 wk after SCI, scale bar, 50 μm); (E‐H) the protein expression levels of MAP2, Tuj1, and MBP in lesion area at 4 wk after SCI. Data were expressed as the mean ± SEM, one‐way ANOVA with Newman‐Keuls post hoc test, \**P* \< .05, n = 5 per group](CNS-26-940-g002){#cns13390-fig-0002}

3.3. Overexpression of the transcription factors OCT4 and KLF4 enhances motor function after spinal cord injury {#cns13390-sec-0019}
---------------------------------------------------------------------------------------------------------------

After 30 days of investigation, we found that mice in the DOX+ group had higher BMS scores than those in the WT and DOX− groups (*P* \< .05) (Figure [3C](#cns13390-fig-0003){ref-type="fig"}). Histological H&E staining showed a smaller lesion area in the DOX+ group than in the other two groups (Figure [3A,B](#cns13390-fig-0003){ref-type="fig"}). These results indicated that the overexpression of OCT4 and KLF4 TFs can improve motor function after SCI. As a previous study demonstrated that OCT4 can induce fibroblasts to differentiate into oligodendrocyte progenitor cells and improve functional recovery, the effect of overexpression of the OCT4 and KLF4 TFs on the damaged central nervous system may be positive. Motor function improvement may be associated with motor neuron regeneration, remyelination, glial scar tissue reduction, and inflammatory response inhibition.[^32^](#cns13390-bib-0032){ref-type="ref"} Therefore, we investigated these aspects and revealed substantial changes that resulted from the overexpression of the "O‐K" transcription factors; however, the inflammatory response was not different between the DOX+ and control groups (data not shown).

![Histological examination of the spinal cord and a motor function test. (A) Hematoxylin and eosin (H&E) staining of the spinal cord 30 d after SCI (R represents rostral, C represents caudal, V represents ventral, and D represents dorsal, scale bar, 200 or 50 μm); (B) relative lesion area of part A, DOX+ vs DOX−, \**P* \< .05; DOX+ vs WT, \**P* \< .05, data were expressed as mean ± SEM, one‐way ANOVA with Newman‐Keuls post hoc test, n = 5 per group; (C) BMS scores of the individuals in three groups as determined every day after spinal cord injury induction. Data ware presented as median ± interquartile range, nonparametric *t* test, \**P* \< .05, n = 5 per group](CNS-26-940-g003){#cns13390-fig-0003}

3.4. Astrocytes are reprogrammed into neural stem cell‐like cells, and the migration ability of astrocytes is inhibited after the overexpression of the transcription factors OCT4 and KLF4 {#cns13390-sec-0020}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To reveal the mechanism underlying this phenomenon, we also designed an in vitro study of astrocytes. The q‐PCR and Western blotting results demonstrated that astrocytes in the TRANS group cultured in doxycycline‐containing medium overexpressed the transcription factors OCT4 and KLF4 (Figure [4A,C](#cns13390-fig-0004){ref-type="fig"}‐E). Interestingly, we discovered that the integrated density of GFAP was higher in the TRANS group than in the WT group on days 7 and 14 (*P* \< .01). We tested GFAP protein expression on day 14, and the result was the same as the immunofluorescence result (Figure [4B,C](#cns13390-fig-0004){ref-type="fig"},F). These results suggested that the proliferative ability of astrocytes was significantly inhibited or that astrocytes were reprogrammed into other types of cells. Accordingly, we performed staining for Nestin, which is a neural stem cell marker, on day 14. Interestingly, we found that in the TRANS group, there were some Nestin‐positive cells (6.56 ± 1.22%) (Figure [4G](#cns13390-fig-0004){ref-type="fig"}). In addition, Western blotting analysis showed that SOX2 protein expression level was higher than control group after overexpression of OCT4 and KLF4 (Figure [S1A,B](#cns13390-sup-0001){ref-type="supplementary-material"}). These data indicated that astrocytes were reprogrammed into neural stem cell‐like cell (with nestin and sox2 expression). Furthermore, a cell scratch assay was used to test migration ability of astrocytes. In the WT group, the cells on each side of the scratch reached confluence after 4 days of culture in serum‐free medium, while the cells in the TRANS group did not (Figure [5A,B](#cns13390-fig-0005){ref-type="fig"}). The astrocyte transdifferentiation and reduction in the migration ability of astrocytes may contribute to CSPGs reduction and subsequent reconstruction.[^33^](#cns13390-bib-0033){ref-type="ref"} In addition, the proliferation ability of astrocyte was similar in two groups, showed by GFAP and Ki67 staining, (7.56 ± 1.45% vs 7.89 ± 1.68%) (Figure [5C,D](#cns13390-fig-0005){ref-type="fig"}).

![Astrocytes are reprogrammed into neural stem cell‐like cells after the transcription factors OCT4 and KLF4 were overexpressed in vitro. (A) Q‐PCR results of four transcription factors in astrocytes cultured for 3 d in Dox‐containing medium; (B) GFAP staining of astrocytes cultured in Dox‐containing medium for 0, 7, and 14 d, scale bar, 200 μm; (C‐F) protein expression levels of OCT4, KLF4 and GFAP were measured by Western blot analysis at day 14; (G) immunofluorescence stain of Nestin of astrocytes at day 14, scale bar, 200 μm. Data were expressed as mean ± SEM, unpaired Student\'s *t* test, \*\**P* \< .01, \*\*\**P* \< .001, n = 5 per group](CNS-26-940-g004){#cns13390-fig-0004}

![The migration ability of astrocytes is inhibited after the transcription factors OCT4 and KLF4 were overexpressed in vitro. (A) Cell scratch assay of astrocyte in vitro at day 0, 2, and 4, scale bar, 50 μm; (B) quantification of part A; (C) GFAP and Ki67 double staining after cultured with doxycycline at day 14; (D) quantification of part C, scale bar, 200 μm. Data were expressed as mean ± SEM, \*\**P* \< .01, unpaired Student\'s *t* test, n = 5 per group](CNS-26-940-g005){#cns13390-fig-0005}

3.5. The transcription factors OCT4 and KLF4 affect the biological behaviors of astrocytes by activating the Hippo/Yap pathway {#cns13390-sec-0021}
------------------------------------------------------------------------------------------------------------------------------

For finding the molecular mechanism behind the motor function changes, we then tested Wnt, MAPK, and Hippo/Yap pathway because of their roles in cell proliferation, differentiation, and migration. There was no difference in the Erk, p‐Erk, β‐catenin protein expression, but p‐Yap protein was much higher in TRANS group than in the WT group on day 14 (*P* \< .01) (Figure [6A‐C](#cns13390-fig-0006){ref-type="fig"}). These data suggested that the Hippo/Yap pathway may be associated with the biological behaviors of astrocytes, as demonstrated in a previous study.[^34^](#cns13390-bib-0034){ref-type="ref"} Hence, we performed immunofluorescence staining for Yap at day 14, and the results showed that Yap protein expression level was lower in the nuclei of cells in the TRANS group than that in the WT group (25.33 ± 1.856 vs 69.33 ± 1.453), which indicated that the transcription factors OCT4 and KLF4 affected the biological behaviors of astrocytes through the activation of the Hippo/Yap pathway (*P* \< .01) (Figure [6D,E](#cns13390-fig-0006){ref-type="fig"}). These data indicated that overexpression of the transcription factors OCT4 and KLF4 could induce astrocyte reprogramming, improving motor function after SCI (Figure [7](#cns13390-fig-0007){ref-type="fig"}).

![The transcription factors OCT4 and KLF4 affect the biological behaviors of astrocytes by activating the Hippo/Yap pathway. (A) The protein expression levels of Yap, p‐Yap, Erk, p‐Erk, and β‐catenin were measured by Western blot analysis at day 14 cultured on Dox‐containing medium; (B, C) quantification of part A; (D, E) Yap staining at day 14 cultured on Dox‐containing medium, scale bars, 200 μm. Data were expressed as mean ± SEM, unpaired Student\'s *t* test, \*\**P* \< .01, n = 5 per group](CNS-26-940-g006){#cns13390-fig-0006}

![Schematics of the whole experiment. Overexpression of the transcription factors OCT4 and KLF4 could induce astrocyte reprogramming, which subsequently improves motor function after SCI, and the Hippo/Yap pathway plays a role](CNS-26-940-g007){#cns13390-fig-0007}

4. DISCUSSION {#cns13390-sec-0022}
=============

Glial scars play dual roles in the reconstruction of an injured spinal cord. Scar tissue can restrict the injured area and inflammatory factor diffusion in the early phase after spinal cord injury hinders neurotropic factor infiltration and axonal outgrowth.[^35^](#cns13390-bib-0035){ref-type="ref"}, [^36^](#cns13390-bib-0036){ref-type="ref"}, [^37^](#cns13390-bib-0037){ref-type="ref"}, [^38^](#cns13390-bib-0038){ref-type="ref"} Our study provides evidence that the simultaneous overexpression of the transcription factors OCT4 and KLF4 reduces GFAP and CSPGs protein expression level in lesion site. Supporting this result, previous studies have demonstrated that OCT4 alone can induce mouse fibroblasts into oligodendrocyte progenitor cells and promote functional recovery.[^24^](#cns13390-bib-0024){ref-type="ref"} Moreover, KLF4 might be a regulator of proliferation and migration in neurons, blood, kidneys, and skin cells.[^39^](#cns13390-bib-0039){ref-type="ref"} Furthermore, Zarei‐Kheirabadi et al found that rat astrocytes were transdifferentiated into neural stem cells in vitro by ZFP521 or Sox2, and Wang et al confirmed that the p‐53 pathway could improve the reprogramming efficiency of the astrocytes to neuroblasts transition induced by Sox2.[^40^](#cns13390-bib-0040){ref-type="ref"}, [^41^](#cns13390-bib-0041){ref-type="ref"} In addition to these findings, the OCT4 and KLF4 TFs may be significant regulators of the biological behaviors of astrocytes by inducing cellular reprogramming. Specifically, our data showed that the porosity of the scar tissue was increased significantly by the inhibition of CSPGs secretion and hypertrophy‐activated astrocytes. These changes may facilitate axonal outgrowth and neurotrophic factor filtration and promote axonal regeneration.

Interestingly, we discovered that mice overexpressing the transcription factors OCT4 and KLF4 had higher BMS scores 30 days after SCI. Previous studies suggested that regenerated axons that connected properly with nerve fiber bundles across the lesion site were relevant to motor functional recovery and may be associated with inflammatory response regulation and astrocytic scar reduction.[^42^](#cns13390-bib-0042){ref-type="ref"} Therefore, our group focused on neuronal regeneration, and the results demonstrated that some of the axons sprouted into the lesion site after overexpression of the transcription factors OCT4 and KLF. However, there was no significant difference in the expression of neuron‐associated proteins between the experimental and control groups, a finding that may be related to the ability of the transcription factor KLF4 to regulate neurons.[^39^](#cns13390-bib-0039){ref-type="ref"} In addition, we discovered that remyelination was promoted in the injury site, which combined with CSPGs reduction and it may contribute to enhancement of motor ability.

To investigate the underlying mechanism of CSPGs reduction and remyelination after the overexpression of the transcription factors OCT4 and KLF4, we isolated astrocytes from the transgenic mice and cultured them in the proper medium. We found that GFAP expression in astrocytes was inhibited significantly in a time‐dependent manner. In addition, the migration ability of the astrocytes was suppressed, as demonstrated by the cell scratch assay. Two biological behaviors of the astrocytes were inhibited in vitro after the overexpression of the "O‐K" TFs, a finding consistent with the in vivo results. Notably, we then found that some astrocytes were reprogrammed into neural stem cell‐like cells, which expressed nestin and sox2 protein, a finding consistent with a previous study that demonstrated that OCT4 alone can induce the cellular reprogramming of fibroblasts or neural stem cells.[^24^](#cns13390-bib-0024){ref-type="ref"}, [^43^](#cns13390-bib-0043){ref-type="ref"} Astrocyte‐reprogrammed neural stem cell‐like cells may differentiate into specific cell subtypes to promote remyelination and subsequent rehabilitation after SCI. In addition, existing studies demonstrated that the Wnt, MAPK, and Hippo/Yap pathways are associated with cell proliferation, migration, and other significant biological behaviors.[^44^](#cns13390-bib-0044){ref-type="ref"}, [^45^](#cns13390-bib-0045){ref-type="ref"}, [^46^](#cns13390-bib-0046){ref-type="ref"} Thus, we hypothesized that these pathways may also play a role in regulating the biological behaviors of astrocytes. Interestingly, the data indicated that the Hippo/Yap signaling pathway was activated, as demonstrated by a previous study.[^34^](#cns13390-bib-0034){ref-type="ref"} Throughout the whole study, although no evidence of tumor was found, it is possible that tumors may develop in the long term.

In conclusion, our present study was the first to investigate the effect of overexpression of the transcription factors OCT4 and KLF4 on injured spinal cords. We discovered that the transcription factors OCT4 and KLF4 induced astrocyte reprogramming, improving remyelination and functional recovery. These results provide novel evidence that the OCT4 and KLF4 TFs can improve motor function after SCI in mice. Additionally, next work is needed to overexpress OCT4 and KLF4 alone to explore the involvement of each and potential synergistic effect and to find proper ways to enhance the efficiency of astrocyte reprogramming after spinal cord injury.
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